Impedance spectroscopy is a powerful experimental technique for complex analyses of electrical response of conducting samples. Experimental setups consist of a wide variety of analyzers and temperature controllers for high and low temperatures, and the experiments may last for days. In this paper, a self-developed controlling software written in C++ and working under GNU Linux that co-operates with many different devices in the laboratory is described. Measurements can be carried out at elevated and low temperatures, using either a furnace or a cryostat, i.e., above 77 K, and to a temperature exceeding 1000 K. The major advantage of this solution is the possibility to freely combine different analyzers and temperature controllers according to actual experimental needs. The possibility to conduct several parallel measurements at one PC makes this software interesting for every well-equipped and intensively used laboratory of impedance spectroscopy.
Introduction
Impedance spectroscopy is a powerful experimental technique for complex analyses of electrical response of conducting samples. While total electrical conductivity can be easily determined for electronic conductors (i.e., metals and semiconductors) with DC measurements, materials with more complex charge transport require in-depth analyses. This is inevitable in case of pure ionic and mixed electronicionic conductors, where mobile ions would be blocked at irreversible electrodes and suppress direct current. In case of polycrystalline ceramics or glass-ceramics, impedance spectroscopy may be used to distinguish charge transport processes related to microstructure of the materials, e.g., in grains or grain boundaries [1] . Finally, with this method ionic and electronic transference numbers may be estimated [2] . While the aforementioned applications are of the interest of the author of this paper, numerous other can be named, Tomasz K. Pietrzak tomasz.pietrzak@pw.edu.pl 1 Faculty of Physics, Warsaw University of Technology, Koszykowa 75, 00-662 Warsaw, Poland e.g., in electrochemical cells (lithium or sodium batteries), diffusion processes in liquid electrolytes and many other.
Two most popular ways to analyze impedance data should be mentioned. The most classical method is equivalent circuit approach. An electronic circuit is proposed, in which each element would model a physical process. Typically, resistors, inductances and capacitors are used. Advanced processes may require more complex elements, such as constant phase element (CPE), Warburg impedance (W) or elements related to relaxation processes (Cole-Cole, Havriliak-Negami). With such a variety of elements, a vast number of processes can be modeled, such as electronic or ionic conductivity, bulk or microstructure capacitance, diffusion, electrode processes or inductance of experimental setup. Typically, equivalent circuits are unambiguously described using Boukamp notation [3] .
An approach that gains a growing popularity is density function of relaxation times (DFRT) method [4] . It allows to determine parameters of relaxation processes (characteristic relaxation times, activation energies of the processes) without knowledge about equivalent circuit. It allows to distinguish two processes (e.g., relaxation in grain and intergrain of ceramics) and to evaluate their contributions to total resistance of the ceramics, also in case when the frequency ranges of responses of these processes are overlapped and they cannot be easily separated by other methods [5] .
In the field of solid state ionics, impedance spectroscopy measurements are performed in a function of temperature, i.e., a spectrum is collected in isothermal conditions for each selected temperature. Hence temperature dependences of conductivity can be obtained and the value of the activation energy is calculated. The total impedance of the measured sample can strongly vary from single ohms to more than gigaohms. The temperature range depends of the nature of the material. Compounds for solid oxide fuel cells (SOFC) can be investigated at temperature as high as 800 • C (e.g., [6] ). Processes inside ionic conductors may be more pronounced at much lower temperature, ranging down to −180 • C (e.g., [7] ). Conductivity based on electron hopping shall be studied in a wide temperature range from −180 • C to +500 • C to observe both phonon assisted hopping and variable range hopping (e.g., [8] [9] [10] ).
Such a variety of experimental expectations results in a necessity to use various devices, including different impedance analyzers and temperature controllers/stabilizers which should co-operate flexibly with each other. Furthermore, automatic control of the measurement by a computer is essential in case of prolonged experiments, lasting for days. Such features can be hardly provided by a software delivered by manufactures of single devices. Because impedance spectroscopy is a major experimental technique at the Solid State Ionics Division of the Faculty of Physics, a development of our own controlling software was a natural solution to meet all the requirements for effective experimental works. For decades, we have been successfully using a software written by Prof. J. Dygas from our faculty [11] , including further improvements [12] . However, it was written in Fortran and later in Pascal for single-tasking DOS and in 21st century it became more and more difficult to maintain. While it supported measurements at high and low temperatures, it operated only with Solartron analyzers. Therefore a new computer program named Kura written in modern C++ and working under GNU Linux that cooperates with many different devices in our laboratory has recently been created and implemented.
Supported devices
The devices controlled by the software can be divided into two categories: (A) impedance analyzers; (B) temperature controllers. Currently, two impedance analyzers are supported:
1) Solartron 1260 -with frequency range from 10 μHz to 32 MHz and impedances up to 100 M . The device is connected through serial interface RS-232.
2) Novocontrol Alpha-A -with frequency range from 30 μHz to 20 MHz and impedances up to 1000 T . The device is connected through GPIB interface.
The temperature can be controlled by two setups:
1) Eurotherm 2404 coupled with ADAM-4011 thermocouple interface for high-temperature (HT) measurements. These devices provide control of the furnace temperature and measure the real temperature of the sample using a separate thermocouple. They are connected through ADAM-4520 RS-485 to RS-232 adapter. Currently, the devices have been ergonomically mounted inside a chassis of a tube furnace supplied by a Polish manufacturer Czylok. 2) Lakeshore 331 for low temperature (LT) measurements coupled with a nitrogen-flow cryostat. The device connected through RS-232 interface allows to measure the temperature in two separate points (e.g., by a thermocouple or by Pt resistor). One is situated next to the cold finger, the other next to the sample. The device plays also a role of a power supply for heating coils in the cryostat.
As one can see, the devices use either GPIB or RS-232 interface. While RS-232 is rather deprecated, GPIB usually requires costly cards for PC. These issues have been, however, circumvented. Firstly, RS-232/USB adapters with FTDI chips were bought. These chips allow programmable identification of each adapter. This feature will be described later in this section. Secondly, a Prologix GPIB-USB interface is a cost-efficient alternative to GPIB cards and provides simple communication protocol with controlling software. The aforementioned devices were implemented due to their availability in the laboratory. However, a support of any other devices may be added to the program by an experienced programmer, if necessary. The drivers are implemented according to their communication handbooks in a form of a C++ class. It inherits from a common abstract class providing a unified programmer interface either for impedance analyzers or temperature controllers.
The principle that stands behind the whole experimental setup is that one can combine any of impedance analyzers with any of temperature controllers, including both HT i LT devices. Therefore all devices are connected to one controlling computer using USB cables and hubs, when necessary. An example of such connections is shown in Fig. 1 .
In Linux, a serial port is identified by its name stored in /dev directory, e.g., /dev/ttyUSB0. However, this name may change after reboot, so it cannot by permanently assigned to a measurement device. Fortunately, both Prologix and FTDI adapters may store unique ID that can be read by the operating system. In case of the former, a unique number is Fig. 1 An example of the connections between the controlling computer and various devices. For a particular measurement, necessary devices can be freely chosen stored by the manufacturer. In case of the latter, the internal ID can be set by additional software, e.g., FT PROG. Those IDs are easily accessible in /dev/serial/by-id/ directory (Fig. 2) . Therefore the administrator of the program needs to assign unique IDs of the adapters to the devices (e.g., analyzers or temperature controllers) they are connected to in /opt/kura/devices.list file. This procedure has to be done by the administrator only once (and repeated each time a new measurement device appears) and no further action is required from everyday users. This configuration file is parsed by the program which automatically combines port names with user-friendly names of the devices.
Controlling software
The software is written in modern C++ (standard C++14) for Linux. This environment provides stable conditions for working of the application, which is essential for impedance measurements which last for days. The software is based on Qt SDK (software development kit), which is a popular, powerful, and open-source widget toolkit for creating graphical user interfaces and hardware communication. While the main interface is based on a flat file configuration and a Linux terminal, appropriate Qt and Qwt classes are used for visualization of the impedance spectrum during the measurement. Serial communication is done through Qt Serial Port class, which provides an easy access to USB/RS-232 terminals.
Nowadays, programs with user-friendly "clickable" interfaces gain growing popularity. If well designed, they are easy to operate by new users. However, poor and not intuitive interfaces make applications difficult to use. The Linux environment is known for a rich collection of efficient batch/console applications. They are especially useful to conduct data processing that is needed repeatedly. Similarly, impedance measurements are usually performed in the same frequency ranges and similar temperature ramps. Therefore, it was decided that for such routines, a console interface of the program based on a flat file configuration would be the most efficient solution.
Configuration files
To start a measurement, three configuration text files are needed:
1. the main configuration file (CFG), 2. frequency ramp configuration (FRQ), 3. temperature ramp configuration (TEMP).
In the main configuration file (Fig. 3) , the following parameters are set: 1. core of the filename-each recorded spectrum will have a filename composed of this core and an incremental extension starting from 000; 2. human readable description of the sample-one line of text that will be stored at every file that will provide identification for the sample; 3. filename of the frequency ramp configuration (it may include a relative or absolute path); 4. filename of the temperature ramp configuration; 5. furnace temperature tolerance (ΔT f ); 6. sample temperature tolerance (ΔT s ); 7. minimal time of temperature stabilization (Δτ min ); 8. maximal time of temperature stabilization (Δτ max ).
The meaning of the last four parameters will be described later in this paper.
Each impedance spectrum is recorded at exactly the same frequencies described in a FRQ file (Fig. 4) . Because measurements at high frequencies are quick and scans at low frequencies can last minutes or hours, usually it is convenient to divide full frequency range into smaller ramps, e.g., for high, middle and low frequencies. Each frequency ramp is defined in a single line of the FRQ file.
The following parameters separated with a white character (e.g., a space or a tabulation) must be given: The construction of a TEMP file is similar (Fig. 5) . Here each line defines a heating or cooling ramp. The order of parameters must be as following:
1. initial temperature (T 1 ), 2. final temperature (T 2 ), 3. temperature step, 4. heating/cooling rate.
It is worth to notice that most of these parameters would usually be unchanged (e.g., frequency ramps or stabilization parameters) between measurements of similar samples. In such case FRQ and TEMP configuration files can be shared and stored in a global location, whereas only CFG file needs to be modified (e.g., filename core and sample description) and presumably copied to the current working directory before each measuring procedure. On the contrary, for a measurement with a unique set of parameters, customized configuration (i.e., FRQ, TEMP and CFG files) can be provided for each measurement. In all configuration files, lines starting with # are treated as comments, which may be useful in memorizing the order of the parameters.
Program initialization
Having prepared the configuration files, the user starts the program in a Linux terminal with a simple command: kura configuration-file.cfg The program will print a welcome message followed by a list of available impedance analyzers and temperature controllers. The user should pick up one analyzer and one temperature controller. Alternatively, there is an option for Fig. 6 A screenshot of the program during a measurement of a single impedance spectrum. A live visualization of the data in Nyquist plot is shown. At the same time, numerical values of the frequency, the real and the imaginary part, the absolute value and the phase of impedance are printed in a terminal in the background a single impedance spectrum measurement. In such a case, no temperature controller will be used. Please note that several instances of the program may be launched on one computer. In such a case, the software will prevent from selecting devices that have already been assigned to other measurements.
Measurements
After the initialization, the main measurement loop starts according to FRQ and TEMP files. The next measurement temperature T sp is approached with the specified heating (or cooling) rate. Then, the program waits until the real controller temperature T satisfies the stability condition in a 60-s period, i.e., |T − T sp | ≤ ΔT f . However, if the condition has not been satisfied for Δτ max , the program will print an error message and move forward. Subsequently, the program waits Δτ min for the stabilization of the temperature measured next to the sample (T s ). Meanwhile, values of T s from the last five minutes are stored. After Δτ min , the program waits for the sample stability condition (i.e., max(T s ) − min(T s ) ≤ ΔT s ) to be satisfied. In any case, the stabilization stage lasts no longer than Δτ max and eventually the measurement starts.
In the measurement stage, the impedance of the sample is acquired at various frequencies defined in the FRQ file. A preview of the collected data appears in a graphic plot in Nyquist coordinates (Fig. 6 ) and is updated each time a new point is collected. Meanwhile, numeric values of the frequency, the real and the imaginary part, the absolute value, and the phase of impedance are printed in a terminal in the background. When the spectrum is acquired for all set frequencies, the output text file is saved on the disk.
Besides impedance values (i.e., the frequency, the absolute value of the impedance and the phase angle), the following information is stored: the initial, minimal, and maximal temperature of the sample during measurement, the initial temperature of the furnace, and the description of the sample taken from the CFG file.
After acquisition of the impedance spectrum, the program sets the controller temperature with heating/cooling rate according to the TEMP file.
Termination
When the impedance has been acquired for all temperatures defined in the TEMP file, the program terminates. The devices that have been assigned to the measurement are released, and now, they become available for any further instance of the program. Usually tens of data files are created by the program for a single sample. Therefore, for the user's sake, the program prints in the terminal a command for ZIP-ing all the files in a single archive.
The flowchart showing the program execution from initialization through measurements to termination is schematically shown in Fig. 7 .
Multiple instances
As it was said before, the main idea standing behind the program is that many analyzers and temperature controllers are connected to the same PC. Therefore, it is expected that many users will run their measurements at the same time. For each measurement, a new instance of the program with its own CFG file has to be run. Obviously, a device must not be used by more than one instance of the program. 
Data preview
The program displays only the spectrum that is currently being acquired. Obviously, users may want to preview their results during measurement in order to check the quality of the experiment, etc. Unfortunately, it seems that popular software for plotting impedance spectra are available for the Windows platform only. To fill this gap for professional Linux users, a simple and convenient Bash script was written that utilizes popular plotting software-Gnuplotto preview a single impedance spectrum. The script is as short as ca. 75 lines, and to run the script, a user needs to follow its name with a filename of the spectrum in the command line. Besides a Nyquist plot, |Z| and arg(Z) (the phase) representations are implemented. Examples of such plots are shown in Fig. 8a-c . The script adopts all useful features of Gnuplot, such as plot scaling or export to graphic files.
Conclusions
In this paper, a self-developed software for impedance measurements in a function of temperature was described. At present time, Solartron 1260 and Novocontrol Alpha-A analyzers are supported. Measurements can be carried out at elevated and low temperatures, using either a furnace or a cryostat, i.e., above 77 K, and to a temperature exceeding 1000 K. The major advantage of this solution is the possibility to freely combine different analyzers and temperature controllers according to experimental needs, as well as to conduct simultaneously independent measurements controlled by one PC. Further advantages include non-commercial and open-source Linux environment, cost-efficient GPIB-USB and RS232-USB adapters, flat file configuration (time effective for routine and repetitive measurements), unambiguous assignment of devices to serial ports, and the possibility to implement support for other devices in the future. The aforementioned features make this software interesting for every well-equipped and intensively used laboratory of impedance spectroscopy.
Any experimentalists who are interested in this solution or wish to deploy it in their laboratories are welcome to contact the author to start co-operation.
